This paper described the effect of the diesel cetane number on exhaust emissions characteristics according to various additives. In addition, the emission characteristics of test fuels blended with three additives (GTL, biodiesel and additive for improving CN) were analyzed and the potential for uses of these additives were evaluated in this study. To achieve this purpose, the test diesel vehicle with a two-thousand cubic centimeter displacement was used to analyze the emission characteristics according to the CN. Also, the NEDC (New European Driving Cycle) was applied as the test mode which is widely used as the test method for environmental certification of diesel vehicles. To analyze the characteristics of HAPs, the VOCs and PAHs were analyzed from the BTEX and the particulate matter, respectively. The analysis results revealed that the CO emissions show the largest reduction rate while the NOx+THC emissions are reduced at a low as the CN got higher. In the NEDC mode, the PM emissions in the EUDC mode were found to be at a lower level than those in the UDC mode. As for the VOCs and PAHs characteristics, the VOCs of the CN 58 show the lowest amounts. Also, the PAHs of diesel blended with GTL show the highest level, followed by those of diesel blended with biodiesel and diesel blended with cetane additive.
Introduction
The cetane number (CN) is an index of self-ignition in the diesel fuel and it is the most important parameter to be considered for evaluation of a diesel engine fuel. This was defined by data based on the comparison between the ignition performance of standard fuel and diesel fuel in the standardized test engine (1) (2) (3) . A lower CN means the reducing property of the fuel for the self-ignition and this leads to an increase of ignition delay. The long ignition delay makes the accumulation of a huge quantity of fuel in the combustion chamber before the start of ignition. Furthermore, the retarded start of ignition leads to a rapid rise of in-cylinder pressure and subsequent vibrations. This phenomenon is generally so-called a diesel knocking. Such a diesel knocking might be the main cause for poor thermal efficiency, excessive noise and deteriorated durability of engine components (4) . Also, the CN can rise by the development of refinery process technology and the additives for improving the CN. Therefore, many researchers have investigated the CN-induced knocking and noise (5) (6) (7) .
In the previous studies, it is widely known that the nitrogen oxides (NOx) emissions are significantly influenced by the cetane number [8] . Especially, NOx emissions decreased when the CN rose in the low engine load condition. In many studies, it was revealed that the THC emissions can be reduced by 30 ~ 40 % as the CN got higher. In addition, the improvement of ignition performance leads to higher combustion efficiency in the compression ignition engine. This results in the decrease of the noise in the vehicles (3, (9) (10) (11) .
Pascal (12) studied the effect of two cetane improvers on the regulated emissions in a passenger car with a common rail diesel engine. He reported that the emissions of carbon monoxide (CO) and unburned hydrocarbons (HC) are decreased by the addition of cetane improvers. The CN influence on the sulphur content in the DI common rail engine was conducted by Piotr et al. (13) . Their investigations show that HC and CO emissions of the test fuel with a high cetane number fell more significantly emissions than those with a low cetane number, and also the NOx emissions slightly decreased as the cetane number increased in the new European driving cycle (NEDC) mode. Recently, alternative fuels such as GTL and biodiesel fuel have focused on the reduction of engine exhaust emissions. These fuels have a high cetane number and show properties similar to a diesel fuel. Also, they are expected to reduce the exhaust emissions after the combustion in a compression ignition engine because GTL has little sulfur / aromatic and biodiesel is an oxygenated fuel. Therefore, many researchers (14) (15) (16) (17) (18) have been attempting to apply the alternative fuels alone or the cetane improvers in a diesel engine. Since January 2009, the standard level above 52 of CN has been enforced by the Clean Air Conservation Act in Korea. Therefore, three test fuels with different CNs(52, 55 and 58) were used in this study. The cetane improvement additive, gas to liquid (GTL) and biodiesel were added to improve the CN of diesel fuel (19) (20) . Also, the emission characteristics of these blended fuels were analyzed and the potential for uses of these additives was evaluated in this study. Furthermore, the characteristics of HAPs (hazardous air pollutants) such as VOCs (volatile organic carbons) and a PAHs (poly aromatic hydrocarbons) into the exhaust emission gases were carried out.
Experimental apparatus and procedures

Test fuels
In order to investigate the exhaust emissions characteristics according to the CN of diesel fuel, the diesel fuel with CN 48, obtained from the research center of oil refiners in Korea, was used for the base fuel. In addition, the additives that affect the exhaust emissions were completely excluded for the purpose of the investigations into the emission characteristics according to the CN. However, the lubrication improving additive of 0.1% (vol.) was added to the base fuel during the exhaust emission test because the lubricative property of the base fuel does not meet the standard of fuel product in Korea. Table 1 shows the fuel properties of the base fuel with CN 48 (ASTM D 6890) (21) (22) .
The test base fuel is a mixture of kerosene and the diesel that went through a high class treatment. This fuel has a higher ratio of kerosene than any conventional diesel fuel in Korea (23) . In addition, the pour point and viscosity are better than a conventional diesel fuel because of the higher ratio of kerosene and good cold performance by the oil ingredient at the high class treatment. The density of the base fuel was adjusted to 830 kg/m 3 and this fuel has a 90 % discharging temperature in distillation, which is lower than a conventional diesel. 
Test vehicles and modes
In this study, the test diesel vehicle has a two-thousand cubic centimeter displacement. Under the emission gas warranty, this vehicle was used to analyze the emission characteristics according to the CN. The detailed specifications of vehicle and test modes were listed in Table 2 . 
Test mode NEDC
For this study, the NEDC (New European Driving Cycle) was applied as the test method of environmental certification in diesel vehicle for the investigation of exhaust emissions characteristics. The test in the NEDC mode took 1,180 seconds in total and traveling mode is composed of the four urban driving cycles (UDC) (780 seconds) and extra urban driving cycle (EUDC) (400 seconds) (24) . Figure 1 shows the test cycles for the NEDC mode. 
Analysis conditions and procedure for VOCs
After the regulated materials were analyzed, the emitted gases on the purge line were gathered into the tedler bag made of teflon material. The gathered sample gases were moved by the auto-sampler with sixteen inlet sockets and were enriched at a low temperature by using the 7100 preconcentrator (Entech Inc.). The sampled gases at 145 degrees Celsius below zero passed through Trap-1 filled with glass beads. Then, VOCs were condensed and N2, O2, Ar and others were removed through the bypass process. After the temperature of Trap-1 rose to 10 degrees Celsius, the VOCs with high volatility were absorbed onto Trap-2 at 30 degrees Celsius below zero by the volatile difference. On the other hand, the sampled gases were enriched through the maintenance of moisture with low volatility and evaporation. The enriched VOCs in Trap-2 were heated up to a temperature of 200 degrees Celsius and this moved to the focuser at 160 degrees Celsius below zero. After heating the focuser, the sampled gases were injected and analyzed by the GC/MSD. Table 3 shows the pre-treatment conditions of sampled gases and analytical conditions of GC/MSD (25) . Table 3 
Analysis conditions and procedure for PAHs
To analyze the PAHs, the front and the post filters that collected the particulate matter in the exhaust emissions were put into the cell with 11ml of acceleration solvent extractor (ASE). The PAHs are extracted by using 20ml of dichloromethane under the temperature of 100 degrees Celsius and pressure of 2000psi. The container with the extracted sample was wrapped with an aluminum foil to prevent of dissociation by ultraviolet rays (UV rays) (25) .
Firstly, the extracted liquid was enriched by the rotary evaporator into the amount of about 5ml. Then, it was refined through the sep-pak cartridge. Secondly, the refined liquid was enriched by a nitrogen gas into 1ml. After the internal standard matter was injected, it was put into the vial and analyzed. Table 4 shows the detailed analytical conditions of PAHs (25) . Table 4 
Result and discussions
Fuel producing standard and property for CN
In this study, the premium diesel fuel in the domestic market was added to the test fuel. After the properties of this fuel were compared with those of other test fuels, it was found that the premium diesel has a higher CN than a conventional diesel and it does not include biodiesel fuel. The premium diesel has CN 58. A density, a 90 % discharging temperature in distillation and aromatic compounds that affect the CN showed the results within the producing standard of diesel fuel.
The hydrotreated vegetable oil (HVO) is named the second-generation biodiesel. This fuel was used for improving the CN. The HVO does not contain the fatty acid methyl ester (FAME) of soybean and rape seed oil. In addition, the CN of the test fuels can be improved by a small quantity of HVO because it has a high CN (CN 80~99) compared to other types of biodiesel in the fatty acid family (25) .
The results on the properties of blended fuels according to the CN were listed in Table  5 . In terms of the fuel characteristics, the sulfur content and density of the blended fuels were decreased by the properties of GTL and biodiesel as an additive for improving the CN. However, the lubricity and cold filter plugging point (CFPP) of blended fuels were deteriorated as the CN became higher due to the influence of GTL. The pour points of both GTL and biodiesel dropped when the CN rose. Also, the blended test fuels for investigating the emission characteristics by improving the CN show a slight difference in the sulfur and oxygen contents. The mixing ratios of three additives for improving CN are showed as table 6. In the emission results of the blended test fuels, the CO and THC+ NOx emissions show the decreasing trend along with a higher CN. Particularly, the CO emissions significantly fell by about 10~15% but the THC+ NOx emissions only dropped by 6~10%. The small reduction of THC+ NOx emissions can be attributed to a shorter ignition delay with a higher CN. The heat release rate can be reduced by the pre-mixed air and fuel, which leads to the improvement of fuel consumption efficiency. From the reduction of THC+NOx emissions by improving the CN, it is conjectured that the formation of THC+NOx was affected by the amount of fuel oxidation in the pre-mixed combustion. The effect of the CN on exhaust emissions characteristics of PM in the vehicle with 2000cc displacement was illustrated in Fig 4. Test vehicle was just equipped with DPF system without catalystic converter and this after treatment system has an influence on PM emission. Therefore, it is difficult to analyze the tendency of PM emission according to the CN due to the effect of DPF system. Generally, it is known that the improving CN leads to the increasing trend of PM emissions because the pre-mixed combustion region decreased while the diffusion combustion increased. Like this trend, the case of CN 55 shows a higher value of PM emissions than that of CN 52. On the other hand, the case of CN 58 has a decreasing tendency probably because the exhaust emissions were affected by the PAHs as illustrated in Fig. 10 . In the combustion of fuel with a high CN, the PM emissions may be reduced by the decrease of PAHs in the exhaust emissions (26) . According to the permissible emission levels for manufactured automobiles regulated by a Clean Air Conservation Act, the CO, NOx, THC+NOx and PM emission levels of a light duty vehicle (LDV) are required to be lower than 0.50g/km, 0.25g/km, 0.30g/km and 0.025g/km, respectively. In this study, all test cases according to the CN show the exhaust emissions below permissible emission levels.
Exhaust emissions characteristics in UDC and EUDC modes
The exhaust emissions characteristics according to the test mode in NEDC mode were analyzed in the cold and hot start conditions of the engine. The NEDC mode as a complex mode consists of the urban driving cycle (UDC) in the cold start condition and the extra urban driving cycle (EUDC) in the hot start condition. To analyze the emission characteristics for the cold / hot start conditions and running patterns, experiments under various test modes were carried out. Figure 6 shows the effect of the CN (additive for improving the CN) on exhaust emissions characteristics according to the various test modes. The CO emission has a decreasing pattern in the UDC mode as the CN rose due to the influence of combustion characteristic. This may be because the engine temperature of the vehicle is low and the catalyst converter is not active at below 300 degrees Celsius in the UDC mode. Based on these reasons, it is difficult to reduce the CO emissions in the UDC mode. In the EUDC mode, the CO emissions slightly decreased when the CN was improved as shown in Fig. 6 .
The effect of the CN (biodiesel for improving the CN) on exhaust emissions characteristics according to the various test modes was illustrated in Fig. 7 . The CO emission in the UDC mode shows a decreasing trend from CN 48 to CN 58. However, other emission patterns (THC+NOx, PM and CO2) show upward or downward fluctuations. Also, the THC+NOx emissions declined by approximately 20 percent thanks to its higher CN (from 52 to 58). Figure 10 shows the effect of the CN on PAHs characteristics in the vehicle with 2000cm 3 displacement. As for the content characteristics of PAHs, phenanthrene made up the largest portion, followed by pyrene, fluoranthene and fluorine, regardless of the CN. On the whole, PAHs were found in the largest amount in GTL-blended diesel, followed by biodiesel-blended diesel and the diesel blended with an additive for improving the CN. In addition, the diesel blended with GTL in the CN 52 has the lowest PAH level as illustrated in Fig. 10 . In addition, the various contents of PAHs below 60ng/km were recorded as shown in Fig. 10(b) . 
Conclusions
The effect of the CN on regulated exhaust gases, VOCs and PAHs characteristics was analyzed by using a the diesel vehicle and the potential for uses of three additives (GTL, biodiesel and an additive for improving the CN) was evaluated in this study. Conclusions of this research are summarized as follows:
(1) In terms of volume added to improve the CN, GTL took up the largest volume, followed by biodiesel and the cetane additive. The cetane additive consisted of one element (ethylhexyl nitrate:EHN) and the target CN can be adjusted by a low addition ratio. On the other hand, GTL and biodiesel have a high addition ratio but both of them show a potential to be used as an environmental-friendly additive.
(2) The CO emissions showed the largest reduction rate as the CN rose. This is because the incomplete combustion was reduced by the improving ignition performance and combustion efficiency in the engine. The NOx+THC emissions were reduced at a low rate as the CN became higher. The decreasing factor of NOx+THC emissions is a shorter ignition delay thanks to a higher CN.
(3) In terms of PM emissions, the improving the CN led to the increasing trend of PM emissions because the pre-mixed combustion region was reduced while the diffusion combustion increased. The PM emissions with CN 52 recorded the lowest level compared to other cases. In the NEDC mode, the level of PM emissions in the EUDC mode was lower level than that in the UDC mode.
(4) As for the VOCs and PAHs characteristics, both were analyzed by the BTEX and the particulate matter, respectively. The VOCs with CN 48 accounted for the largest amount, followed by those with CN52, CN 55 and CN 58. This shows that the VOCs with CN 58 took up the lowest portion. On the whole, the level of PAHs was the highest in GTL-blended diesel, followed by biodiesel-blended diesel and diesel blended with an additive for improving the CN.
(5) Among the various additives, the HVO can be improved by a low mixing ratio. It is known that the HVO is the carbon neutral fuel and it is guessed that the HVO can be suitable for additive of improving CN.
